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Abstract
The free adsorption of an end-functionalised weak polybase, poly dimethylaminoethyl
methacrylate (pDMAEMA), on the surface of colloidal gold nanoparticles (AuNPs) as
a route to produce a responsive core-shell nanoparticle is explored here. Optimal
conditions for the physisorption of the polymeric chains onto the colloidal
nanoparticles are explored. A dense coverage is facilitated by rapidly mixing the well
solvated pH responsive homopolymer, at low pH, into a relatively poor solvent
environment, at higher pH, containing a stable dispersion of charge-stabilized gold
nanoparticles. The rapid pH change causes the polymer chains to concurrently
collapse and adsorb onto the gold nanoparticles. In order to achieve sterically stable,
monodisperse and responsive core shell nanoparticles, a crucial factor is the pH
difference of the systems prior to their mixing. Once adsorbed, end-functional thiol
groups on the adsorbed polymer chains can form more permanent covalent
attachments with the core particles. Dynamic light scattering coupled with mobility
data of pH titration experiments show that the core-shell particles exhibit a responsive
character consistent with the observed potentiometric titration data of the polymer.
The same particles demonstrate reversible aggregation when cycled between pH
extremes. This is confirmed by shifts in the SPR peak of the corresponding UV-Vis
absorption profile. The ease and flexibility of this strategy for core-shell particle
production, coupled with the stability and responsiveness of the product, make this a
promising colloidal coating mechanism.
1 Introduction
Responsive core-shell nanoparticles have been regularly studied for their potential
uses in drug delivery [1-3], emulsification and interfacial stabilisation [4-6],
interfacial transport [7, 8] and environmental sensor technologies [9-11]. Their
properties can also be manipulated to provide functionality when used as building
blocks of larger structures such as microcapsules [12] and membranes [13, 14]. At
present, the popular methods [15-38] for the synthesis of responsive solid core-
polymer shell hybrid particles are: polymer ‘grafting-from’ the particle surface; a one
pot synthesis where the particles are synthesized in the presence of the polymer that
acts as a stabilizer; and, finally, polymer ‘grafting-to’ pre-synthesized particle cores.
In the ‘grafting-from’ technique, a dispersion of core nanoparticles is first coated with
an initiator group [15-21]. Living polymerization is then carried out from these sites
to form a dense end grafted brush like polymeric shell. In addition to the high grafting
density, control over core size and the polymeric shell swelling range are known
advantages. Limitations include a shell thickness that is difficult to control, long
synthesis times and the use of harmful solvents [22].
Alternatively in the one-pot synthesis method [23-27], the core particles are
synthesized in the presence of end functionalized polymer chains. Due to the end
group affinity for the core particles, these polymer chains function as ligand
stabilizers for the growing nanoparticles. Whilst it is possible to manipulate the
reaction stoichometry to gain some control over nucleation and growth, the final core
particle size is limited to a few nanometers, and in the case of gold cores exhibits a
deviation of about 20% in size distribution [28]. A good density of end grafted
polymer and long-term stability of the polymer-stabilized colloids are known
advantages.
‘Grafting-to’ [22, 29-38] is now the accepted nomenclature for post modification of
the surface of a colloidal dispersion using pre-synthesized polymers. Boyer et al [29]
showed how a chemical affinity could result in the directed adsorption of functional
end groups (thiol and trithiocarbonate) of block copolymers constructed from PEG
analogues onto the surface of citrate-stabilized gold nanoparticles (AuNPs). The
polymer strands were incubated with the gold particle for just 30 minutes before
purification. Other noteworthy examples of such thiol affinity based polymer
adsorption onto pre-synthesized gold cores include adsorption of PDMA-SH (Zhou et
al [30]) and PPA-SH (Zhu et al [9]). The former reportedly requires an incubation
time of 72 hours, while a week long duration is required of the latter. Thiol linkers
have also been shown to covalently bind DNA onto gold particles [31, 32]. Grafting-
to has also been demonstrated with the introduction of CdS quantum dots to an
aqueous solution containing thiolated pNIPAM chains [33]. The reaction time for the
same was 72 hours and the resultant particles acquired the thermosensitive character
of the polymer shell. A variant of this technique involved immobilizing PEOX and
P4VP onto silica nanoparticles using perfluorophenylazide (PFPA) as a link molecule
which form anchors with the base nanoparticle, and covalent bonds with the polymer
species when irradiated with UV light [34]. This is a two-stage procedure involving
functionalization of the silica nanoparticles with PFPA (overnight) followed by
polymer attachment (15 minutes UV exposure). A coupling reaction takes up to 2
hours for the grafting of carboxyl end group polymers to the surface of hydroxyl
terminated AuNP clusters [35].
Singh and Lyon reported on the surface modification of citrate-stabilized gold cores
by the adsorption of NH2 terminated pNIPAM [36]. Increasing the temperature past
the LCST enabled precipitation of the polymeric shell on the core particles. In another
example [37], citrate stabilized AuNPs and PS-b-PAA were mixed together in a
continuous phase of DMF. The dropwise introduction of H2O induced a surfactant
like assembly of these amphiphilic polymers around the AuNPs, this structure was
then permanently fixed by a crosslinking agent. Following the same theme, the
coating of citrate-stabilized AuNPs with bovine serum albumin (BSA) through
electrostatic interactions has been demonstrated [38]. Non-specific binding has also
been shown between single strand DNA and the surface of colloidal gold particles
[31, 32].
In this paper, we investigate the conditions necessary to facilitate the rapid adsorption
of a pH responsive homopolymer onto a suspension of charged-stabilised gold
nanoparticles. In our studies we use a pH responsive [39] end-functionalized
homopolymer (pDMAEMA-SH). The citrate stabilized gold nanoparticles (AuNPs)
are synthesized by a nucleation-growth mechanism as proposed by Turkevich [40]
and later modified by Frens [41]. Through light scattering characterisation we
demonstrate conditions under which a successful adsorption of the polymer onto the
surface of the AuNPs can be achieved within minutes. A key aim of this work is that
the responsive nature of the polymer is retained in the final character of the core-shell
particles. This is investigated through particle size measurements and the aggregation
behaviour of the system as the pH is altered.
From the previously mentioned classifications of core-shell particle synthesis, this
method has similarities with a grafting-to approach. The incubation times before
purification of excess polymer are relatively low, and limited only by the rate of
polymer deprotonation. In addition, the entire experiment is conducted in an aqueous
environment with minimum organic solvent waste, thus enhancing its green chemistry
credentials. The broad applicability of this approach should enable triggered surface
modification of a variety of colloidal systems for the purpose of stability control or
for the synthesis of composite particles.
2 Materials and Methods2.1 Materials
Colloidal dispersions of gold nanoparticles were synthesized using a modified
Turkevich method as described by Frens [41]. All glass reaction vessels and storage
containers were cleaned with Aqua Regia. The glassware was then rinsed thoroughly
with water, followed by scrubbing with Decon surfactant, an acetone rinse, rinsing
with copious amounts of DI water and finally ethanol. The glassware was then dried
in an oven for a minimum of 30 minutes. 100 ml of a 0.25 mM HAuCl4 aqueous
solution was stirred with a magnetic bead in a 250 ml round bottom flask immersed in
an oil bath that was maintained at 100 °C. The system was given a minimum of 15
minutes to achieve thermal equilibrium. At that point, 1ml of ~ 35 mM Na3Citrate
was introduced into the vortex caused by the stirring, and the reaction was allowed to
proceed for 30 minutes at the elevated temperature. The flask was then removed from
the oil bath and immediately immersed into an ice bath to neutralize the effect of the
citrate. After purification through a disposable 0.2μm cellulose acetate membrane 
filter, each stock gold nanoparticle solution was stored in a refrigerator in an opaque
container.
The gold nanoparticles were initially sized by light scattering using a Malvern
Zetasizer ZS (Malvern Instruments, UK). They were subsequently further analysed
using TEM. The dimensions of several hundred particles from these Transmission
Electron Micrographs were identified and analysed using CellProfilerTM software
[42]. Data from the TEM analyses were found to be in good agreement with the size
distributions measured using light scattering (See supporting information).
The polymer used in this study was synthesized using Reversible Addition
Fragmented chain Transfer (RAFT) polymerisation. Monomers of DMAEMA were
combined with 4-Cyanopentanoic acid dithiobenzoate, 4,4-Azobis(4-cyanopentanoic
acid) and dioxane in an ampule followed by purging in nitrogen. Reaction was
initiated by heating in an oil bath (at 70C) and terminated after 12h by cooling in an
ice bath. Purification was performed by multiple heptane precipitations. The
dithioester moiety was reduced to a thiol group using Sodium Borohydride (NaBH4)
followed by vacuum drying overnight. The chain length was verified by NMR and
found to be 129 units; giving a molecular weight of 20313 g mol-1 and a rigid rod
length of approximately 20 nm.
2.2 Methods2.2.1 The adsorption process
The dried and purified polymer was dissolved in water at pH 2 to give an aqueous
solution at a concentration of 7.2 wt%. The initially low pH facilitates protonation of
the tertiary amines and hence solvation of the polymer chains. Over 72 hours of
continuous stirring, the pH slowly increased to 6.8 due to the proton consumption by
the amine groups. The polymeric dispersion was then divided into two aliquots; one
was reduced to pH 3.8 and the other to pH 6. Test tubes containing 12 ml of the stock
gold nanoparticle solution were adjusted to pH’s 7, 10 and 11, and then magnetically
stirred. Aliquots of the aforementioned pH adjusted polymer solutions were
introduced into the stirring vortex, and the samples were then left stirring for 30
minutes at room temperature. The polymer concentration was calculated to be in
excess (~50x) of that needed for full surface coverage assuming rapid physisorption
to the available gold surface area (calculated using the radius of gyration (Rg) for the
polymer and assuming no relaxation of the polymer at the surface).
Next, 1 ml of the as-prepared sample was introduced to a set of 12 Eppendorf 1.5 ml
centrifuge vials containing 0.5 ml of pH 3 Milli-Q water. The vials were gently
agitated before centrifuging at 14,500 rpm for 30 minutes. 1.4 ml of supernatant was
removed and replaced with fresh pH 3 Milli-Q water. This procedure was repeated 3
times to remove excess unbound polymer. It is noted that due to the possibility of
damaging or gelling the particles with repeated centrifugation, great care had to be
taken in the wash cycles to not over compress the consolidated beds.
2.2.2 Hydrodynamic diameter and mobility study
The hydrodynamic diameter of the particles across a range of pH from 2 to 11 was
measured using dynamic light scattering (Malvern Zetasizer®, Malvern Instruments,
UK). The same instrument was used to determine the electrophoretic mobility of the
particles across the same pH range. All light scattering experiments were conducted
using disposable cuvettes in chambers equilibrated to 20 ˚C.   
The samples were also studied using a UV-Vis Spectrophotometer. Samples were
prepared in cleaned (in Decon, water, ethanol and then dried) 1 cm path length
cuvettes, placed in the temperature controlled measurement chamber of an Agilent
UV Vis Spectrophotometer 8453 after calibrating the instrument with cuvette
containing MilliQ water. Measurements were taken across the spectrum at a
temperature of 20C. Particular attention was paid to the location and shape of the
Surface Plasmon Resonance (SPR) peak, which is expected to be located at 520 nm
for the ratio of reactants used in this synthesis [43]. In order to illustrate differences in
peak shift and profile broadening, the UV-Vis profiles of grafted-to core-shell
nanoparticles were normalized to the absorbance units of the core AuNPs.
For the titration experiments, a sample of stable core-shell particles was subjected to
centrifugation/re-dispersion cycles in pH 7 Milli-Q water before being divided into
two equal volumes. By sequential addition of microlitre quantities of 1M HNO3 or
KOH, each half was adjusted towards acidic and basic extremes. Hydrodynamic
diameter and mobility data were recorded at specific intervals.
2.2.3 Electron microscopy
Transmission Electron Microscopy (TEM) images were obtained from a Philips
CM200 Field Emission Gun TEM operating at 200 kV. The hybrid particles were
imaged on a holey carbon TEM grid. For particles positioned on the carbon film, it
was not possible to resolve the polymeric halo due to blending with the carbon
substrate. Particles positioned with edges hanging over holes provided the best
resolution of the polymeric shell (See supporting info). However in practice, the halo
thus characterised around each particle began to show signs of broadening over 300
seconds due to the electron beam. To minimize the occurrence of these beam damage
artefacts, images were obtained within 5 seconds of centering on the required
particles.
2.2.4 Potentiometric titration of the unbound polymer
The charging behaviour of the polymer was characterised using a potentiometric
titration from an acidic to basic direction. 0.1005g of dried pDMAEMA129-SH was
dissolved in 20 ml of pH 2 Milli-Q water. After stirring for four days, the pH was
measured and readjusted with a small amount of HNO3 and measured the following
day at pH 1.73. 100μl of 10mM KOH was added and the stable pH value was noted. 
This step was repeated multiple times until the final measured pH reached a value of
11. Variations in pH for total volume of base were noted and plotted accordingly. The
same data was used to plot the trend in degree of protonation as a function of pH, as
shown in Figure 1.
2.2.5 pH cycling
To demonstrate reversible aggregation, the most stable particle suspension (as
ascertained by light scattering and spectroscopic analysis, see section 3.2) was
centrifuged using the aforementioned parameters. The supernatant was then replaced
by either pH 3 or pH 11 Milli-Q water. After this, the vials were subjected to a 5
minute agitation in an ultrasonic bath, followed by 2 minutes in a vortex mixer. The
above procedure was repeated three times for each point to ensure that the particles
were indeed dispersed at the required pH. The particle size distribution (measured
through light scattering) was measured and evidence of aggregation further studied
using the UV-Vis Spectrophotometer, in a similar procedure to that outlined in section
2.3, at each pH for three complete cycles.
3 Results and Discussion3.1 Expected adsorption from degree of polymer protonation
The main adsorption mechanism behind this variant of the ‘grafting-to’ strategy relies
on manipulation of the solvency of the medium for the shell polymer (pDMAEMA-
SH), which varies with pH. Rapid adsorption is enabled here by triggering a sudden
conformational change of the polymer in the presence of colloidal particles. In a good
solvent, the polymer adopts an extended conformation. When introduced to a poor
solvent, a change of conformation is expected wherein the polymer chains collapse to
a compact (coil) conformation. This may also lead to flocculation or phase separation
of the polymer. However, in the presence of a solid interface such as a colloidal
dispersion, the polymers may instead preferentially adsorb onto the available solid
surface.
The mixing of a polymer solution with a suspension of nanoparticles may in any case,
and regardless of changes in solvency, lead to unwanted effects such as bridging
flocculation. Consequently, in order to maintain colloidal stability throughout the
procedure described here, one needs to introduce a sufficient amount of polymer to
saturate the available colloidal surface area. In the system discussed here, the surface
of the gold colloid is negatively charged at all pH values tested and the polymer
chosen for the reaction is positively charged at low pH, in which case a strong
adsorption is expected due to these electrostatic interactions. At basic pH values the
polymer is neutral and water becomes a poor solvent, which is also expected to drive
strong adsorption onto the colloid surface. The relative adsorbed amounts will
however be very different at these different pH conditions with adsorption density
being maximised in the poor solvent conditions.
In the experimental protocol described here, we take a polymer dissolved in good
solvent conditions and mix it with a colloidal dispersion such that the mixing results
in a rapid pH change to a poor solvent environment. We expect then that the
introduction of an appropriate concentration of well solvated ‘extended’ polymer into
a poor solvent will result in two simultaneous effects: a rapid change to a more
‘compact’ conformation for the polymer, and a subsequent adsorption at the solid-
liquid interface.
Potentiometric titration data (See supporting information) show that the rate of change
of pH with respect to base addition (dpH/dMEB) indicates the onset of deprotonation
(large peak) at pH 4.5 and complete deprotonation at pH 9.1 (small peak). The data in
Figure 1 represents the derived degree of protonation as a function of pH. At all pH <
4, the polymer is fully protonated and it is 50% protonated at pH 6.8. These values
will be referred to in later paragraphs to understand how charge density (and hence
polymer conformation) influences the interaction with the colloidal dispersion. In the
experiments described in this work, mixing of the polymer with a gold colloid
suspension at a significantly higher pH will cause some deprotonation of the amine
groups along the polymer chain length. Such conditions are expected to drive a rapid
polymer adsorption onto the colloidal gold surface. This article explores the pH
conditions for both the polymer solution and the gold colloid suspension to achieve
this rapid adsorption, while leading to stable polymer-coated gold nanoparticles.
Figure 1: Degree of protonation as a function of pH derived from potentiometric titration of
pDMAEMA129-SH from pH 1.73 to pH 11.11 (See supporting information)
3.2 Influence of colloidal gold suspension pH
Depending on the pH and extent of polymer deprotonation when introducing the
polymer to the AuNP dispersion, a number of mechanisms can cause the particles to
aggregate or flocculate. Instability in this binary system may occur through polymeric
bridging flocculation, where a single polymeric strand in an open conformation
bridges with polymer segments on adjacent nanoparticles. Secondly, an excess of
background electrolyte may also compress the stabilizing electric double layer
surrounding colloidal particles, reducing the Debye length and thus allowing Van der
Waals forces to initiate particle aggregation as the particles approach each other at
closer separation distances. Additionally, if a large pH increase causes the grafted
polymers to attain an uncharged and tightly bound conformation on the gold surface,
the core-shell particles may become hydrophobic and aggregate to reduce the free
energy state.
To explore the conditions necessary for an effective and stable coating procedure, the
pH values of the binary systems (AuNPs and pDMAEMA) were varied prior to
mixing. In each case, dynamic light scattering was used to probe the hydrodynamic
diameter of the final particle suspension after completion of the adsorption procedure
and removal of the excess polymer. In addition, the UV-vis absorption spectra of each
of the samples were recorded and are presented here to complement the size data. The
combination of both these measurements allows us to draw conclusions with respect
to the structure and the stability of the final suspension of hybrid nanoparticles.
We first present a table showing the initial pH values of both the polymer solution and
the gold nanoparticle suspension in addition to the resultant pH values of their
mixtures. These are complemented with noticeable changes in stability of the AuNPs
where an observed blue shift or precipitation is assumed to be an indicator of colloidal
aggregation. Here, well solvated aliquots of polymer at pH 4 (~100% protonation)
and pH 6 (~80% protonation) are introduced to AuNPs at pH 7, 10 and 11, where the
particles are observed to be colloidally stable.
Pre mixing pH AuNP pH 7.3 AuNP pH 10 AuNP pH 11
3.8 5.8 (HA) 6.2 (ST) 7.4 (SA)
6 6.2 (SA/ST) 6.6 (ST) 7.6 (HA)Table 1: Final measured pH values and visual stability examination (italic) of the resultantdispersions measured 5 minutes after mixing of the polymer solution and gold nanoparticlesuspension at varying pH. Note: SA indicates slight-aggregation observed, HA indicates heavy-aggregation and ST indicates visually stable.
Table 1 shows that under certain pH conditions (i.e. the two extreme conditions of
gold nanoparticle suspension pH reported) this procedure yields a system where rapid
adsorption of the polymer leads to uncontrolled and irreversible aggregation. Where
an intermediate pH was used for the suspension, it appears that the system is stable
after mixing. These initial assessments of stability were conducted on the basis of
visual observation of the dispersion colour, where simply a shift from bright red to
burgundy and indigo was taken as an indication of particle aggregation. These
changes were quantified using light scattering and UV-Vis analysis, as described in
the proceeding sections.
3.2.1 Cases where initial polymer solution pH = 3.8
Figure 2 shows light scattering size measurements (A) and UV-Vis analysis (B)
corresponding to experiments where pDMAEMA129-SH at pH 3.8 is introduced to 20
nm citrate-stabilised AuNPs at pH 7.3, 10 and 11, respectively. At the initial solution
pH of 3.8, the polymer chains are fully protonated (Figure 1) and will therefore adopt
an extended conformation in solution. In these three experiments, we test the
influence of in situ deprotonation and change of conformation for the polymer as it
mixes with and adsorbs onto an oppositely charged gold colloid at a different pH. The
measurements shown here are made after the mixed sample was washed several times
by centrifugation/re-dispersion to remove the excess polymer and the particles were
finally re-dispersed in pH 3 water. From Figure 2, all samples show an increase in the
measured hydrodynamic diameter and a broadening of the UV-Vis spectra. However,
this behaviour is more pronounced in the case where the particles are initially
dispersed at the lower pH. An increase in diameter is expected from the adsorption of
polymer on the surface of the particles, but in some cases the size increases seen here
suggest aggregation/flocculation of the system rather than coating. In addition, the
size distribution data also show a small but finite peak in the sub 10 nm range, which
is likely due to the presence of weakly bound polymer in the system: As the prepared
hybrid particles are thoroughly washed prior to observation, we believe this peak is
the result of longer-term polymer leaching from the surface and can potentially give
an indication of the anchoring efficiency.
(A)
(B)
Figure 2: Light scattering data of samples prepared following the procedure described above. The
hybrid particles are suspended in pH 3 water for these measurements. Here, the initial pH of
pDMAEMA129-SH is 3.8 when introduced to citrate stabilized gold nanoparticles at pH 7.3 (red), 10
(green) and 11(blue) (A) Relative Intensity profiles from light scattering measurements (B) UV Vis
profiles normalized to the peak intensity of base AuNP profile.
We note that broadening of the UV-Vis spectra is characteristic of instability in gold
nanoparticle dispersions. In the case where the initial AuNP pH is 7.3, the UV-Vis
profile (Figure 2B) shows significant broadening between 600 and 1000 nm. This
suggests a large degree of aggregation in the system, which is confirmed by visual
observation of the sample where the indigo colour is indicative of this aggregation.
The size distribution data support these observations. It is likely that, in this case, the
polymers introduced to the gold nanoparticle suspension are still well solvated and
when the system reaches its equilibrium pH, the polymer retains significant
protonation (~90% as estimated from Figure 1B). Since the polymer is positively
charged, and the particles have an opposite negative surface charge due to the
adsorbed citrate ions, it is likely that the polymer will adsorb onto the particle surface
through an electrostatic interaction. However, because of its retained extended
conformation due to the high charge, there is an increased probability of polymeric
bridging between particles. Thus, the apparent aggregation in the system is likely due
to bridging flocculation caused by extended polymers forming multiple contacts
between adjacent AuNPs.
The UV-Vis profiles for the AuNPs with initial pH values of 10 and 11 show only a
small broadening of the spectrum as compared to the base uncoated AuNPs and can
be regarded as quite similar. The subtle differences arise on a visual examination,
where the sample at initial AuNP pH 10 retains the red colour (Figure 2B insert) of
the uncoated nanoparticles, whereas in the case at pH 11, a slight purple hue is
observed, which is indicative of a small amount of aggregation in the system. Size
distribution profiles (Figure 2A) show a unimodal peak at 50 nm for AuNP pH 10,
and a bimodal distribution at AuNP pH 11 with a coinciding 50 nm peak and sub 10
nm component. By consulting the results from Table 1 and Figure 1, at the
equilibrium pHs of the mixtures, the polymer retains approximately 80% and 20%
protonation when the initial gold nanoparticle suspension is at pH 10 and 11,
respectively. Such values are subject to potentially significant errors due to the
difficulty in accurately measuring pH around 7 and the fact that the degree of
protonation around the pKa (~6.5) also changes very rapidly. What is certain is that
the case where the gold nanoparticles are initially at pH 11 will lead to the polymer in
the mixture being more deprotonated. It is likely to strongly adsorb onto the particles
in a more compact conformation, as water is a poor solvent under these conditions.
Therefore, this is likely to provide a relatively less efficient steric stabilisation of the
system and potentially promote poor solvent driven aggregation if the polymer layers
grafted on the surface of approaching particles are allowed to come into contact [44].
In the case of the reactions carried out with the gold nanoparticle suspension initially
at pH 10, the somewhat less basic initial conditions (compared to the pH 11 case) lead
to a higher degree of residual polymer protonation at the correspondingly lower
equilibrium pH of the mixture. In these conditions, results from Figure 2 suggest the
adsorption of the polymer onto the surface leads to hybrid core-shell particles that are
stable. Indeed, particle size measurements reveal a monomodal distribution
suggesting that no polymer is desorbing from the particle surfaces during the washing
steps, or subsequently. Visual observation of the sample suggests no aggregation and
the UV-Vis spectrum shows only a small variation as compared to that of the initial
gold nanoparticle suspension. This stability is further verified by examination of the
TEM micrographs (See supporting information) showing that the coated particles are
indeed distinct, and have resisted significant clustering from capillary action during
drying. In these particular conditions, one can deduce that the polymer adsorption is
efficient and that the configuration and degree of protonation of the polymer on the
particle surface is suitable for efficient steric stabilisation and to avoid significant
desorption.
3.2.2 Cases where initial polymer solution pH = 6
Next, we consider the profiles from Figure 3, showing size measurements (A) and
UV-Vis analysis (B) where the initial pH of the polymer is kept constant at 6. In this
case, during the adsorption procedure, the initial polymer conformation is expected to
be less extended when compared to pH 3.8, as a result of the reduced polymer charge.
Again, the data presented in this section (Figure 3) was obtained for coated samples
that have been washed 3 times and re-dispersed at pH 3.
In the first case where the gold nanoparticle suspension is initially at pH 7.3, the UV-
Vis spectrum (Figure 3B) shows slight broadening, a visual observation reveals a
slight change in colour of the final dispersion and the size distribution data shows a
bimodal distribution. In comparison to the previous case, the polymer after mixing is
likely to be less protonated and will thus adopt a less extended configuration. This
will reduce the magnitude of bridging flocculation. The slight colour change and UV-
Vis spectrum, where the peak broadening appears much less significant are in
agreement with this hypothesis. However, the bimodal distribution of the size data
again suggests that there still is some desorption of the polymer.
(A)
(B)
Figure 3: Light scattering data of samples at pH 3. Here, the initial pH of pDMAEMA129-SH is 6 when
introduced to citrate stabilized gold nanoparticles at pH 7.3 (red), 10 (green) and 11(blue) (A) Relative
Intensity profiles from light scattering measurements (B) UV Vis profiles normalized to the peak
intensity of base AuNP profile.
The UV-Vis profile of the hybrid system for an initial nanoparticle suspension at pH
10 shows, as seen previously, the least deviation from the initial AuNPs suspension
spectrum and the sample retains the same vibrant red colour (shown in Figure 3B). In
this case, however, the size distribution data shows a bimodal sample suggesting
some desorption of polymer from the particle surface unlike the example at pH 3.8.
However, the measured hydrodynamic diameter (~45 nm) of the polymer-grafted
particles in this case also appears to be in agreement with the presence of a dense
polymer layer (20 nm core + 10-12 nm polymer layer thickness) on the particle
surface, suggesting that any polymer desorption is minimal. As discussed above for
the unbound pre-synthesised polymer (section 2.1), an end grafted and fully extended
chain of pDMAEMA129 would contribute approximately 20 nm to the measured
hydrodynamic diameter. Hence, the 12.5 nm contribution is quite reasonable for a
layer of adsorbed polymer in a semi-collapsed conformation. One can conclude from
these observations that hybrid systems obtained by precipitating the polymer onto the
surface of the gold nanoparticle suspensions at pH 10 were stable, for samples at both
initial pH conditions of the polymer solution. In both cases the resulting polymer
layer appears suitable for efficient steric stabilisation of the system during the
adsorption procedure.
A distinct shoulder indicating the presence of aggregates is observed in the UV-Vis
spectrum (Figure 3) when the gold nanoparticle suspension is used at pH 11. This is
much more pronounced than for the same dispersion with an initial polymer solution
pH of 3.8 (shown in Figure 2). Similarly, the size distribution data also show a peak
occurring at larger diameters (as compared with the case where the initial polymer
solution pH is 3.8). Additionally, this sample showed significant colour change. In
this case, the relatively low protonation of the polymer prior to mixing is likely to
drive a fast adsorption of the polymer on the available surface. In addition the
conformation of the polymer on these gold nanoparticles is likely to be compact as
water becomes a poor solvent for the polymer in these conditions. Again, this will
drive aggregation due to the poor solvency effects in the composite system.
Additionally, the greater amount of electrolyte added to increase the initial polymer
pH may also enhance coagulation due to the reduction in Debye length at this pH,
which is possibly why the system appears more aggregated than for systems where
the polymer is initially at pH 3.8.
To summarise the likely behaviour of the system in all cases experimentally explored
above, we have represented the three likely phenomena responsible for the different
behaviours, viz. bridging flocculation, steric stabilisation and intersegment attraction
forces, in a schematic given in Figure 4.
(A)
(B)
(C)
Figure 4: Schematics showing degrees of the three expected behaviours of pDMAEMA adsorbed on a
AuNP dispersion as a function of the charge on the polymer. The initial AuNP dispersion pH value is
(A) 7.3 highly charged polymer chains (B) 10 partially charged polymer chains (C) 11 uncharged
chains.
For well solvated polymers, introduced to a good solvent containing stable AuNPs, as
in the cases when the pH of the colloidal dispersion is 7.3, varying degrees of
aggregation have been observed, which is attributed to bridging flocculation
(schematically shown in Figure 4A).
Figure 4B describes the instances when the colloidal dispersion is at pH 10 and
illustrates the efficient adsorption of polymers that are partially deprotonated as a
result of their environment pH onto the AuNP surface. The residual charge on the
polymer in this pH range creates a steric layer sufficient to provide stability of the
hybrid system as demonstrated in our experiments.
In our experiments, when the polymer is introduced to a colloidal dispersion at pH 11,
and with knowledge of the equilibrium pH of the mixture, the polymer layers become
almost totally deprotonated. The resultant low solubility drives the polymers to adsorb
strongly onto the colloidal surface. The low degree of charge on the adsorbed polymer
and its low affinity for the water solvent is likely to lead to a compact layer and
subsequent aggregation caused by attractive intersegment forces [44] for polymer
coated surfaces coming together in a poor solvent (Figure 4C).3.3 Titration study: Size & mobility
In order to demonstrate a successful adsorption of the polymer on the surface of the
gold nanoparticles further, we examine the pH-responsive behaviour of the stable
hybrid system produced when initial pHs of pDMAEMA and AuNPs are 6 and 10,
respectively. Initially, we perform an isotherm titration of particle hydrodynamic
diameter and electrophoretic mobility as a function of pH. This is presented in Figure
5, where we observe mobility data that seem in line with the measurements of the
degree of polymerisation of the polymer presented in Figure 1B. In particular, the
complete loss of mobility around pH 8 seen in Figure 5 is substantiated by a zero
degree of protonation at the same pH for the bare polymer. In the hybrid system, the
contraction of the polymer on the surface of the gold nanoparticles, due to its low
solubility at this pH, seems to induce some aggregation in the system. This is
confirmed by both the hydrodynamic diameter measurements and UV-Vis
measurements presented in the subsequent graphs. On the other hand, as the polymer
on the surface of the particles protonates (between pH 6 and 8), the hydrodynamic
diameter recorded decreases (when moving from basic pHs). This indicates that as
expected, upon protonation and extension of the polymer away from the particle
surface, the particles become stable and no aggregation is observed. Additionally, the
diameter recorded (between 40-60 nm) is in reasonable agreement with calculations
for an extended polymer layer on the surface of a gold nanoparticle core of 20 nm.
These results also correlate well to some of our previous work, on the responsive
behaviour of latex particles grafted with polymers of the same type [45].
Figure 5: Titration of stable ‘grafted-to’ particles showing trend in aggregation ascertained by the
median hydrodynamic diameter (Red circles) and particle mobility (Blue squares). The ionic strength at
both pH extremes is approximately 20 mM.
Therefore, results from the hydrodynamic diameter and mobility study demonstrate
that the hybrid particle system prepared retains the pH responsive nature of the
adsorbed polymer. Secondly, the response of the polymer shell is responsible for
altering the stability of the system as a function of pH and can be used to control the
colloid stability of the system. In the next section, we demonstrate how the same
responsive component can be manipulated to show reversible aggregation.
3.4 pH cycling
The same stable hybrid particles were used here to investigate the reversibility of the
aggregation induced by pH change. To accurately change pH without screening
arising from electrolyte build up, centrifugation is used in this case to separate the
particles and subsequently replace the continuous phase. Effects such as collapse and
swelling of the polymeric layer on individual particles may not be resolved due to
particle impaction from the processing technique. Instead, redispersion of aggregates
was monitored. In addition to dynamic light scattering measurements, surface
plasmon resonance (SPR) shifts of the UV-Vis profiles are good indicators for
monitoring reversible aggregation, and the results are given in Figure 6.
(A)
(B)
Figure 6: (A) UV-Vis profiles of sterically stable pH responsive particles exhibiting pH cycling
between values 3 and 11. (B) Median hydrodynamic diameter values recorded at different pHs during
the cycling of a successfully grafted gold particle suspension (red squares) and corresponding
variations in SPR from UV-Vis spectroscopy measurements (blue squares)
The UV-Vis profiles of these hybrid particles (Figure 6A) show a 10 nm red shift in
SPR as the sample is cycled from pH 3 to pH 11 indicating the presence of
aggregates. Additionally when cycled to pH 11, a broadening of the peak shoulder is
observed in relation to pH 3. When the pH is changed back to 3, the SPR returns to its
initial value suggesting that a majority of the particles have re-dispersed efficiently
upon protonation of the polymer layers. This same cycled responsive behaviour was
characterised for a further two cycles, however some degree of hysteresis was evident
(increased peak broadening at pH 3) suggesting perhaps incomplete re-stabilisation
with further cycles. Hydrodynamic diameter values averaged over 20+ runs show a
distinct difference for particles re-dispersed at pH 3 and 11, respectively. The data
presented in Figure 6B combines the peak median values from light scattering
intensity data with the SPR data to show a similar trend to that observed in Figure 6A.
Here, after initial aggregation from pH 3 to 11, the reported values do not suggest
complete recovery to the original monodisperse and stable state. Instead, there is a
small increase in the median particle diameter that is likely due to small particle
clusters tethered together by well solvated and extended polymer. This is potentially
caused by the procedure used to vary pH in this particular experiment (through
centrifugation steps), which can induce closer contact of the particles within the
sedimented bed than is expected in the bulk. It is important to remember the
differences in pH altering technique while comparing these data to that from the
titration experiment (Figure 5). Here, sonication is required to redisperse the impacted
particles at the bottom of the centrifuge vial, hence the absence of large aggregates as
seen in the former experiment. Generally however, this experiment demonstrates that
the overall control over stability of the hybrid system is maintained as the pH is
cycled.
The evidence that the particles pH responsive nature is robust enough to be, at least,
largely maintained with repeated centrifugation cycles is a significant result. Such
responsive particles would be perfect candidates to act as interfacial stabilisers in
emulsions and foams for instance, where having the ability to switch stability on and
off would be beneficial to many applications, one of the most cited ones being the use
of such systems for controlled/triggered delivery of active ingredients [46]. The
simplicity of their production using benign conditions is an appealing feature.
Although not tested here, the incorporation of an end-functional group in the polymer
should lead to irreversible chemical grafting over time.
4 Conclusions
We have investigated and presented conditions necessary to produce responsive
monodisperse core-shell particles by manipulating the solvency and thus promoting
adsorption of a pH-responsive polymer on the surface of charge-stabilised gold
nanoparticles. This procedure is fast and, under the right conditions, leads to stable
hybrid systems where the polymer is efficiently adsorbed on the surface of the
particles and acts as a steric stabiliser. We have shown that the adsorbed polymeric
layer retains its pH responsive behaviour, which can be used to control the
stability/aggregation of the hybrid particle dispersion. Such particles exhibit
reversible aggregation as the pH of the medium is cycled between 3 and 11,
evidenced by changes in the SPR of the UV Vis spectrum. The ultra-fast reaction
times of the solvency controlled polymer adsorption in an aqueous environment,
indicates its viability as an industrial processing stage for the synthesis of responsive
core-shell building blocks. Additionally, the potential flexibility of this technique in
allowing separate control of the size and type of the core inorganic or metallic
colloidal particles, along with control over the polymer properties means a large range
of stimuli responsive composite particulates may potentially be synthesised.
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Figure 1: (A) Transmission Electron Micrograph of citrate stabilized gold nanoparticles. (B) Output
from CellProfiler Image analysis software showing identification of individual particles
(A)
(B)
Figure 2: (A) Multiple intensity profiles of the same citrate stabilized nanoparticles (Figure 1) in an
aqueous bulk using Zetasizer for light scattering analysis. (B) Dimensional analysis of particles
identified by Cellprofiler with a form factor (indication of roundness) greater than 0.5.
(A)
(B)
Figure 4: (A) TEM images of polymer coated AuNPs dried on holey carbon TEM
grids. and (B) Coated particle sitting at the edge of the film with halo possibly
attributed to beam damage artefact.
Figure 4: Potentiometric titration of 0.18mM pDMAEMA129-SH from pH 1.73 to pH 11.11
